Heat treatment during the production of skimmed milk powder causes denaturation of proteins, thereby affecting the physicochemical properties of the skimmed milk powder. To understand the effects of heat treatment on the sensitivity of the casein micelles in skimmed milk powders, low heating type (L), normal heating type (N), high heating type (H), and super-high heating type (SH), to reaction with rennet, rennet-induced curd formation was investigated. A well-developed network structure with wide spaces was observed only in the curd derived from the solution of type L skimmed milk powder. SDS-PAGE suggested that there was no difference in the amount of glycomacropeptide generated from -casein in the four types of skimmed milk powder, but casein micelles in the solution of type L skimmed milk powder formed aggregates most effectively. These results are discussed with respect to the thermal denaturation of proteins in skimmed milk powder.
Heating affects both caseins and whey proteins, the two main milk protein fractions. The components of caseins, -, -, and -casein, form casein micelles comprising an -and -casein core surrounded by -casein. Although heating might damage the micelle structure, particularly -casein at the micelle surface, which has cysteine residues, it is thought that -and -casein are less susceptible to the effects of heat because they are flexible proteins without rigid secondary structures. 7) On the other hand, the main components of whey proteins, -lactalbumin and -lactoglobulin, which have globular conformations, are heat sensitive. Heat induces unfolding of the rigid conformation of these proteins, facilitating the aggregation of denatured molecules. 8) Furthermore, the presence of free sulfhydryl groups and disulfide bonds in -lactoglobulin is conducive to polymer formation via intermolecular disulfide linkage among the -lactoglobulin molecules and between -lactoglobulin and other proteins. [9] [10] [11] [12] [13] [14] [15] [16] In our previous study (Miyamoto et al. unpublished results), we compared the physical properties of four types of skimmed milk powder that had been subjected to heat treatment under different conditions. The extent of heating was expressed as an integral of the number of calories provided to the skimmed milk powders. The greater the calories provided, the less was its solubility and dispersibility. The number of sulfhydryl groups decreased with increases, in the number of calories concomitant with the large extent of polymerization. These results indicate that the extent of protein denaturation in the four types of skimmed milk powder was dependent on the heating conditions.
When milk is treated with rennet, it coagulates to form curd, and this is the most important phenomenon in the cheese-manufacturing process. 17) Rennet cleaves -casein at the casein micelle surface to release glycomacropeptide, which prevents the casein micelles from coming into close contact with each other via an electrostatic repulsive force and stearic hindrance. As a result, scission of -casein initiates clotting of the casein micelles. Presently, only a small amount of skimmed milk powder is used in the manufacture of most cheese products, except for cottage cheese; 18) but, rennetinduced coagulation or curd formation is of great importance from the viewpoint of further applications, of skimmed milk powder.
The degree of denaturation of skimmed milk powder should influence not only the susceptibility of -casein to reacting with rennet but also the subsequent clotting of the casein micelles but a systematic approach to the relationship between heat-induced denaturation of skim-med milk powder and its ability to clot by reaction with rennet has not been attempted thoroughly. As described above, in a previous study (Miyamoto et al. unpublished results), we observed that the four types of skimmed milk powder prepared under different heat treatment conditions exhibited varying colloidal behaviors. In the present study, the aggregation and curd formation of these skimmed milk powders by rennet reaction was investigated to assess the effects of heat treatment during the production process on the sensitivity of the casein micelles to reaction with rennet.
Materials and Methods
Materials. Four types of skimmed milk powder supplied by Snow Brand Milk Products Co., Ltd. (Tokyo) were subjected to heat treatment under different conditions. Skimmed milk powder produced under routine heating conditions in the factory of Snow Brand Milk Products was designated the normal heating type (N) sample. Skimmed milk powder prepared under new heating conditions with fewer calories was designated the low heating type (L) sample. Skimmed milk powders subjected to severe heating conditions, more severe than the routine heating conditions, were designated the high heating type (H) and super-high heating type (SH) samples. Of the last two types, the SH type received more calories. The degree of denaturation of each of the four skimmed milk powders was expressed as whey proteinnitrogen index values, 19) as shown in Table 1 . Rennet (Fromase 2,200 TL) was obtained from DSM Food Specialties (Delft, Netherlands). Pepstatin A, an inhibitor of aspartyl proteinases, was perchased from Sigma Chemical (St. Louis, MO). The other chemicals, of reagent grade, were obtained from Nakalai Tesque (Kyoto, Japan).
Measurement of turbidity brought about by reaction with rennet in the skimmed milk powder solutions. Skimmed milk powder was dispersed in distilled water by gentle stirring at room temperature at a concentration of 5% (wt/wt). Sodium azide was added to the solution at a concentration of 0.05% (wt/wt) to restrict the growth of microorganisms at 37 C. Rennet was added to the skimmed milk powder solution at 4 C to attain a final concentration of 0.015% (wt/wt), and was mixed for 30 s vigorously with a vortex mixer. The reaction mixture was incubated at 37 C. The reaction was stopped by adding pepstatin A to the mixture at a final concentration of 20 mM after 5, 10, 30, 60, 120, 180, 240, 300, and 360 min. The solutions of the four types of skimmed milk powder thus obtained after reaction with rennet for various durations were diluted 50-fold with distilled water. The turbidity of the diluted solutions was measured at 660 nm using a UV spectrometer (Shimadzu, Kyoto, Japan). The turbidity increased even when the skimmed milk powder solutions were maintained at 37 C without adding rennet, although the increments in turbidity were small. Therefore, skimmed milk powder solutions containing pepstatin A, but not rennet, maintained at 37 C were used as a control, and the turbidity of these samples was measured at the same time points between 0 and 360 min as for the other test samples. The relative turbidity was calculated as the ratio between the turbidity in the presence of rennet and that in the absence of rennet at each time point.
Measurement of particle sizes. The sizes of the aggregates generated by reaction with rennet in the skimmed milk powder solution were measured using a laser diffraction particle size analyzer (LA-500; Horiba, Kyoto, Japan). The diameters of the aggregates were calculated under the assumption that the aggregates took a spherical shape. The area-volume mean particle diameter (d32) was derived from the particle size distribution data.
Preparation of curds by reaction with rennet. Skimmed milk powder was dispersed in distilled water by gentle stirring at room temperature to a final concentration of 20% (wt/wt). Rennet was added to the solution to a final concentration of 0.06% and was mixed vigorously with a vortex mixer at 4 C for 30 s. The mixture (20 ml) was transferred to a sample tube (diameter Â height, 30 Â 65 mm) and maintained at 37 C for 5, 10, 30, 60, 120, and 240 min to form curds by reaction with rennet.
Determination of hardness of the curds. The curd formed by reaction of the skimmed milk powders with rennet in the sample tube was used for compression testing at room temperature using a rheometer (Fudoh Rheometer, NRM-2002J; Fudou Manufacturing, Tokyo). A plunger with diameter of 10 mm was made to penetrate into the curd up to a depth of 30 mm at a speed of 1 mm/s. The maximum stress (N/m 2 ) on the stress-strain curve was read and expressed as the hardness.
SDS-polyacrylamide gel electrophoresis (PAGE). As above, the skimmed milk powder solution (5%) was incubated with rennet for various durations over a total period of 360 min. The resulting solution was centrifuged (10;000 Â g for 20 min), and the supernatant was obtained. In case of the skimmed milk powder solution (20%) prepared for curd formation, pepstatin A was added to the curd at a final concentration of 0.02 mM for various durations over a period of 240 min in order to terminate the rennet reaction. After the curd was crushed, the resulting suspension was centrifuged at 10;000 Â g for 20 min to obtain the supernatant. The supernatants thus obtained from the skimmed milk powder solutions (5% and 20%) after reaction with rennet were mixed with SDS sample buffer (0.125 M Tris-HCl buffer, pH 6.8, containing 4% SDS and 20% glycerol). An equal volume and 5 times the volume of the SDS sample buffer were added to the supernatants from the 5% and 20% skimmed milk powder solutions respectively. Electrophoresis was carried out on a slab gel according to the method of Laemmlli. 20) The protein bands in the slab gel were stained with Coomassie Brilliant Blue R-250.
Tricine SDS-PAGE. The supernatants from the curds of the skimmed milk powders were also analyzed by SDS-PAGE using a tricine buffer system to detect polypeptides of low molecular weight by the method of Schagger and Jagow. 21) After electrophoresis, the gels were soaked for 30 min in a solution of 10% acetic acid and 40% methanol to fix the polypeptides in the gel matrix, followed by staining for 60 min with Bio-Safe Coomassie (Bio-Rad, Hercules, CA). Destaining was carried out by placing the gel in distilled water.
Observation by scanning electron microscopy (SEM). The curd prepared from each type of skimmed milk powder was fixed for 2 d in 2% glutaraldehyde in a 0.2 M phosphate buffer at pH 7.2, and was then soaked in 1% osmium tetroxide in a 0.2 M phosphate buffer at pH 7.2 for 2 h at a temperature <4 C. Dehydration was then performed by increasing the ethanol concentration in the soaking solutions. The dehydrated sample was broken in liquid nitrogen. The pieces of the sample were soaked in t-butyl alcohol and freeze-dried later. Each specimen was mounted on a copper specimen plate coated with a thin layer of platinum. Micrographs were obtained using an S-4300 scanning electron microscope (Hitachi, Tokyo).
Statistical analyses. Unless otherwise stated, the results represent the mean AE standard deviation (SD) of at least triplicate samples measured independently. Statistical significance of differences was evaluated using Student's t-test.
Results and Discussion
Changes in the turbidity of the skimmed milk powder solutions induced by reaction with rennet
The four skimmed milk powder solutions, L, N, H, and SH, were incubated with rennet, and turbidity was 11:9 AE 1:0 monitored at 37 C for 360 min. The changes in turbidity are shown in Fig. 1 . For the type L skimmed milk powder solution, the relative turbidity increased rapidly, reaching approximately 5 times the baseline value at 240 min. Thereafter, there was no remarkable rise in turbidity up to 360 min. As compared to type L, the increment in turbidity with time was low for the type SH, H, and N skimmed milk powder solutions.
The final values of relative turbidity at 360 min for types, SH, H, N, and L milk powder solutions were 1:25 AE 0:07, 1:49 AE 0:11, 1:78 AE 0:12, and 4:97 AE 0:14 respectively. As indicated by the asterisks in Fig. 1 , there were significant differences among the final relative turbidity values of the four types of skimmed milk powder, although a different p value was obtained from various tests on a single dataset.
As shown in Table 1 , the whey protein-nitrogen index of the type L skimmed milk powder solution was 100%, indicating that it barely suffered any heat damage, but that of the type N skimmed milk powder was approximately 39%, indicating that >60% of the whey protein was denatured and was easily precipitated. The whey protein-nitrogen indices of the types, H and SH skimmed milk powders were even lower, 13.6 and 11.9 respectively. The order in which the skimmed milk powders are listed in Table 1 according to their whey protein-nitrogen indices is consistent with the final turbidity values of the same powders as shown in Fig. 1 . Furthermore, a vast difference in final turbidity due to reaction with rennet was observed only between type L and N skimmed milk powders, which also had starkly different whey protein-nitrogen indices. On the other hand, there was no major difference among the whey protein-nitrogen indices or the final rennet-induced turbidity values of type N, H, and SH skimmed milk powder solutions. These findings suggest that the degree of denaturation of the four types of skimmed milk powders is closely related to the rennet-induced increase in the turbidity of the various types.
Measurement of particle sizes of the aggregates
The rennet-induced increase in turbidity in the skimmed milk powder solution might reflect the progressive aggregation of proteins, particularly casein micelles. In order to determine the extent to which the aggregation progressed, the particle sizes of the reaction mixtures were measured using a laser diffraction particle analyzer. Figure 2 shows the particle size distributions of the type L skimmed milk powder solution at various times. Immediately after the start of the rennet reaction (A, 0 min), fine particles <1 mm in diameter were observed. A similar distribution was observed for the other types of skimmed milk powders (data not shown). At 30 min (B), aggregates >10 mm in diameter appeared. Growth in the size of the aggregates progressed with time, concomitant with the disappearance of small particles (C and D). No clear difference was observed between the distribution at 60 min and at 360 min. No, large aggregates >100 mm in diameter were observed in the mixtures containing the other types of skimmed milk powder after 360 min, reaction (Fig. 3) .
The area-volume mean particle diameter (d32) was calculated from the particle size distributions and was plotted against time (Fig. 4) . A time-dependent increase in mean particle diameter was observed only in case of type L skimmed milk powder. The mean particle diameter rapidly increased up to approximately 120 mm at 60 min. Thereafter, no remarkable change was detected. The mean particle diameters for types, SH, H, N, and L skimmed milk powder solutions at 360 min were 6:20 AE 1:24 (minimum n ¼ 3), 3:85 AE 1:63 (minimum n ¼ 3), 11:75 AE 5:82 (minimum n ¼ 3), and 110:37 AE 10:97 (minimum n ¼ 3) respectively. Based on these results, rennet-induced aggregate formation was clearly confirmed only in case of type L skimmed milk powder.
SDS-PAGE analysis of the reaction mixtures
In order to investigate the involvement of casein micelles in rennet-induced aggregate formation, the reaction products were analyzed by SDS-PAGE at 0, 5, 10, 30, 60, 120, 180, and 240 min. Prior to SDS-PAGE analysis, the reaction mixtures were centrifuged to separate the supernatants and aggregates as precipitates. Solutions, containing 5% type SH ( ), H ( ), N ( ), or L ( ) skimmed milk powder were incubated with rennet at 37 C for 360 min. Periodically, the solutions were diluted 50 times with distilled water and the absorption was measured at 660 nm. The turbidity at each time point was expressed as a value relative to that of the control (see text) at the same time point. The values represent the mean AE SD (n ¼ 3, minimum), and the vertical bars represent the SD.
ÃÃÃ , ÃÃ , and Ã Indicate that the two samples differ significantly at p < 0:001, 0.01, and 0.05 respectively.
The SDS-PAGE patterns of the products in the supernatants are shown in Fig. 5 . In this case, the protein bands in the supernatants that decreased or disappeared on rennet reaction are assumed to be involved in aggregate formation. Lane 1 of each electrophoretic pattern indicates the product at 0 min, i.e., no rennet reaction. We confirmed that the same electrophoretic patterns were observed when rennet was not added to the reaction mixtures during the incubation period (data not shown). In the case of lane 1 of type L skimmed milk powder (D), several major components, including -, -, andcasein and -lactoglobulin and -lactalbumin, were clearly observed. However, the amount of -lactoglobulin in lane 1 of type N skimmed milk powder (C) was obviously lower than that in lane 1 of type L skimmed milk powder, indicating that a large amount oflactoglobulin was precipitated by centrifugation even A solution containing 5% type L skimmed milk powder was incubated with rennet for 0 min (A), 30 min (B), 60 min (C), and 360 min (D). The particle size of the solution was measured using a laser diffraction particle size analyzer. Solutions, containing 5% type SH (A), H (B) or N (C) skimmed milk powder were incubated with rennet for 360 min. The particle size of the solution was measured using a laser diffraction particle size analyzer.
before the rennet reaction. In the cases, of type SH (A) and H (B) skimmed milk powders, -lactoglobulin almost disappeared from the supernatant of lane 1. It is well known that -lactoglobulin is so sensitive to heating as to form aggregates of denatured molecules via disulfide bonds and hydrophobic interaction. [22] [23] [24] The -lactoglobulin lost from the supernatant should then have precipitated as macroaggregates, formed by heat treatment during the production of the skimmed milk powders. In our previous study (Miyamoto et al. unpublished results), we confirmed the formation of -lactoglobulin aggregates via disulfide bonds in type SH, H, and N skimmed milk powders.
The amounts of -lactalbumin and -casein were also very low in lane 1 of type SH (A) and H (B) skimmed milk powders. Both these proteins are known to be involved in -lactoglobulin aggregation via the SH-SS interchange reaction during severe heat denaturation of milk. [9] [10] [11] [12] [13] [14] [15] [16] 25) For -and -casein, the protein bands were clearly observed in lane 1 in all the types of skimmed milk powders. There was no difference in the intensity of the -and -casein bands among all the types of skimmed milk powder, indicating that similar amounts of these proteins were present after centrifugation in the supernatants of all the skimmed milk powders that had been subjected to less heat stress.
A rennet-induced decrease in -, -, and -casein with time was observed in all samples, but the extent of decrease varied according to the sample. Whereas the intensity of these bands remained high even at 360 min in the case of type SH (A), H (B), and N (C) skimmed milk powders, the intensity was obviously low in the Solutions, containing 5% type SH ( ), H ( ), N ( ), or L ( ) skimmed milk powder were incubated with rennet at 37 C for 360 min. Periodically, the particle diameter was measured, and the mean particle diameter (d3,2) was calculated from the results of the particle size distribution. The values represent the mean AE SD (n ¼ 5, minimum), and the vertical bars indicate SD.
ÃÃÃ Indicates that the two samples differ significantly at p < 0:001. case of type L powder (D). To quantify such differences amoung the -, -, and -casein bands, the amounts of these bands were determined densitometrically. After incubation for 360 min, the casein content in the type SH, H, N, and L skimmed milk powders decreased to 75:8 AE 4:3, 72:8 AE 11:1, 88:3 AE 9:8, and 23:3 AE 16:5% respectively from baseline. These results indicate that casein micelles effectively formed, aggregates by reacting with rennet only in type L skimmed milk powder, consistently with the results of examination of turbidity ( Fig. 2) and mean particle diameter (Figs. 3 and 4). Reaction with rennet did not alter the intensity of -lactoglobulin and -lactalbumin in type L skimmed milk powder, suggesting that casein micelles are selectively affected by rennet to form aggregates without involving -lactoglobulin or -lactalbumin.
The decrease and disappearance of -casein with time was clear and concomitant with the appearance of small peptides positioned between -lactoglobulin andlactalbumin (Fig. 5) . Based on the calculated molecular weight of para--casein originating from the cleavage of glycomacropeptide (MW, approximately 12,000 26) ), this peptide appeared to migrate faster than -lactalbumin (MW, approximately 14,000 27) ). This discrepancy might have been due to the compact conformation oflactalbumin with four intramolecular disulfide bonds, enabling it to move faster in electrophoretic gels than flexible or extended casein molecules. 28, 29) Hence it is reasonable to label the peptide band betweenlactalbumin and -lactoglobulin as para--casein. This peptide was clearly observed in the electrophoretic patterns, and the intensity of this band was nearly constant from 5 to 120 min, particularly in type L and N skimmed milk powders (C and D), illustrating the cleavage of -casein by rennet ( Table 2 ). The disappearance of para--casein in type L skimmed milk powder over long incubation periods (the intensity decreased to 17:1 AE 11:0 after 360 min) indicate that this peptide is involved in aggregation.
Para--casein peptides were also observed in the electrophoretic patterns of type N, H, and SH skimmed milk powders (A, B, and C). Although the bands of para--casein peptide were faint in type SH and H, they were clearly visible in the electrophoretic patterns of type N skimmed milk powder. As described above, the decrease in the casein bands occurred to a smaller extent in type N skimmed milk powder (88:3 AE 9:8%) than in type L skimmed milk powder (23:3 AE 16:5%). These results imply that aggregation of casein micelles did not progress effectively even after the scission of -casein by rennet in type N skimmed milk powder. Basically, the same phenomenon appeared to happen even in type SH and H skimmed milk powders. That is, whereas considerable amounts of para--casein were produced by the rennet reaction, there were no large decreases in the casein bands in the electrophoretic patterns of type SH and H skimmed milk powder that could have been attributed to aggregate formation. The surface properties of the casein micelles after the cleavage of glycomacropeptide from -casein might differ between type L and the other types of skimmed milk powder, leading to variation in the subsequent aggregation behavior. Our previous results suggest that the surface hydrophobicity of type L skimmed milk powder is lower than that of the other skimmed milk powders (Miyamoto et al. unpublished results). Since SDS-PAGE using a tricine buffer system can detect peptides of low molecular weight, the products in the supernatants from the skimmed milk powder solutions after rennet reaction were determined using this technique. The faint bands of glycomacropeptide were equally detectable irrespective of the type of skimmed milk powder (data not shown). The clear image of the glycomacropeptide is shown in the section entitled ''SDS-PAGE analysis of the supernatants of curds (Fig. 8) .''
Determination of the hardness of curds
In the case of low solid content (5%), the reaction mixture produced only aggregates, resulting in an increase in turbidity. To compare curd formation among the four types of skimmed milk powders by rennet reaction, we increased the solid content to 20%. The amount of rennet added was also increased up to 0.015% to maintain the ratio of rennet to skimmed milk powder. Figure 6 shows the time-dependent changes in the hardness of the skimmed milk powder solutions incubated with rennet. Up to 60 min, the hardness of the reaction mixture containing type L skimmed milk powder increased remarkably, up to 40;845 AE 2;531 N/m 2 (n ¼ 3), followed by gradual increments to 240 min, when it reached 48;337 AE 4;441 N/m 2 (n ¼ 3). The hardness of the reaction mixture containing type N skimmed milk powder ranked second, reaching 17;057 AE 261 N/m 2 (n ¼ 3) at 240 min. The increases in the hardness of the reaction mixtures containing type H and SH skimmed milk powders were smaller. The final values of the hardness of the curds formed from type H and SH skimmed milk powders were 5;604 AE 784 (n ¼ 3) and 2;709 AE 174 (n ¼ 3) N/m 2 respectively.
These results are basically consistent with those for the turbidity changes (Fig. 1), i.e., the degree of aggregate formation was consistent with the ability to form curds from the skimmed milk powders by rennet reaction. As Ã Intensity of para--casein band in SDS-PAGE gels of type N and L skimmed milk powders (Fig. 5C and D) was determined densitometrically. Only data for reaction duration of 5, 10, 30, 60, and 120 min are shown. Each value (arbitrary unit) represents the mean AE SD (n ¼ 4).
in case of turbidity, the degree of denaturation of skimmed milk powders was closely related to the hardness of curds formed by rennet reaction. The lower the whey protein-nitrogen index of the skimmed milk powder (Table 1) , the higher the hardness of the rennetinduced curd formed from it. Type N skimmed milk powder, which is subjected to routine heat treatment, is used mainly in various food products. This type of powder was found to form soft curds, by rennet reaction, as shown in Fig. 6 , but the decrease in heat stress during the preparation of skimmed milk powder (L type) increased, the hardness of the curd formed from it. This finding suggests the possibility that the control of heat processing during preparation to a great extent maintains the curd formation ability of skimmed milk powder by rennet reaction.
SDS-PAGE analysis of the supernatants of the curds
In order to investigate the involvement of casein micelles in curd formation from the skimmed milk powders by rennet reaction over a period of 240 min, the supernatants from the reaction mixtures were analyzed by SDS-PAGE. Casein bands almost disappeared in all the samples at 5 min (lane 3 in Fig. 7A, B, C, and D) , suggesting that caseins form curds that can be readily precipitated irrespective of the type of skimmed milk powder. These results contrast with those of SDS-PAGE analysis of the 5% skimmed milk powder solutions (Fig. 5) , in which the precipitation of aggregated caseins by centrifugation occurred to a large extent only in case of type L powder. Despite the same ratio of skimmed milk powder and rennet, the increase in the protein concentration can remarkably increase the probability of contact or collisions between the substrates and the enzyme. Bands of -lactalbumin and -lactoglobulin were observed in the patterns of type N and type L skimmed milk powders (C and D), despite the lower amount of -lactoglobulin in case of type N powder. The intensity of these bands remained constant throughout the reaction period, indicating that these proteins were not involved in curd formation. During cheese production, -lactoglobulin and -lactalbumin normally remain in the whey fraction after the rennet reaction. 30) Our results indicate that a similar mechanism might have been involved in curd formation according to the dose of rennet, even when skimmed milk powders, particularly those subjected to lesser heat stress, are used as substrate.
Since the para--casein band was not observed in the supernatants of the reaction mixture (Fig. 7) , SDS-PAGE with a tricine buffer system was used to detect the cleaved glycomacropeptide with a low molecular weight (Fig. 8 ). Because of the low level of production of glycomacropeptide, a larger volume of the sample was applied for electrophoresis as compared to the case illustrated in Fig. 7 . Glycomacropeptide was detected, and its concentration increased with time in all the samples (A, B, C, and D). There were no obvious differences, in the amounts, of glycomacropeptide among the samples, indicating that the susceptibility of -casein to the rennet reaction was similar for all four types of skimmed milk powders. It is surprising that whereas the first step of the reaction, the scission of -casein by rennet, progressed in a similar way, the final curd products of the four types of skimmed milk powder exhibited different physical properties, as shown in Fig. 6 . This discrepancy might have been due to the second step, in which casein micelles, formed after cleavage of -casein, interact with each other to form a network structure. Therefore, the network structure of the curds formed from the skimmed milk powders induced by the rennet reaction was observed by SEM (next section).
Observation of the microstructure of curds by SEM The microstructure of the curds visualized by SEM is shown in Fig. 9 (magnification Â 5;000), Fig. 10 (magnification Â 10;000), and Fig. 11 (magnification Â 20;000). The microstructure of the curds of the type SH skimmed milk powder exhibited a random agglomerated structure with narrow spaces (Figs. 9A, 10A, and 11A ). For curds of type H and N skimmed milk powders (Figs. 9B and C, 10B and C) a similar microstructure was observed, but the particle size was slightly larger than in the case of type SH skimmed milk powder. Furthermore, a short linear strand was also observable in some places in the microstructure of the curd of type N skimmed milk powder (Fig. 9B and 10B) . A completely different microstructure was observed the curd of type L skimmed milk powder (Fig. 9D, 10D , and 11B), in that, a well-developed network structure with wide spaces was visualized. In Fig. 11 , the contrasting structure of type SH (A) and L (B) skimmed milk powders are shown for comparison. In the microstructure of type SH powder, protein particles associated randomly with each other to form an agglomerated structure, and the outer shape of each particle could easily be recognized. On the other hand, the particles fused with each other to form linear strands, and the resulting strands appeared to form a ramified structure with wide spaces in the curd produced from type L skimmed milk powder by the rennet reaction. The well-developed network structure must have been responsible for the high values of hardness for the curd of type L powder (Fig. 6) .
The well-developed network structure of the curd of type L powder indicates that casein micelles interact with each other regularly; in other words, connections among casein micelle particles occur via limited sites. As described in the introduction, rennet cleaves -casein at the casein micelle surface to release glycomacropeptide (GMP) which prevents casein micelles from coming into close contact with each other via an electrostatic repulsive force and stearic hindrance. 17, 31) Since all casein molecules are hydrophobic proteins, 32) particularly para--casein, which is strongly hydrophobic, 33, 34) aggregation and curd formation is induced by association of casein micelles after the cleavage of glycomacropeptide via a hydrophobic interaction. 34) -Casein is also strongly hydrophobic and is mainly buried inside the casein micelles. 35) However, -casein, which is relatively hydrophilic, is on the surface in addition to para--casein.
36) Therefore, the surface of the casein micelles after the scission of glycomacropeptide consists of hydrophobic areas (dominated by para--casein) and hydrophilic areas (dominated by -casein), which are distributed somewhat regularly. Since the casein micelles in type L skimmed milk powder are expected to retain the native structure to a larger extent, the connections among the casein micelles after the cleavage of glycomacropeptide might occur via the limited hydrophobic area at the surface of the casein micelles. This is probably why a regular and ordered network structure was formed by rennet reaction in type L skimmed milk powder. However, greater heat stress during the production process should damage the native structure of the casein micelles, i.e., should strike a balance in the hydrophobic and hydrophilic areas at the surface of the casein micelles by causing exposure of the interior hydrophobic sites. We confirmed in our previous study (Miyamoto et al. unpublished results) that the surface hydrophobicity was significantly higher in type SH, H, and N skimmed milk powders than in type L powder. The increased surface hydrophobicity might prevent regular connections between the casein micelles after the scission of glycomacropeptide, thereby inducing a random agglomerated structure.
It is likely that -lactoglobulin is denatured by heating and attaches to -casein at the casein micelles via an SH-SS interchange reaction during the production of skimmed milk powder. 37) This attached -lactoglobulin might have the ability to inhibit the rennet reaction, including not only the scission of -casein but also the subsequent clotting. If there are differences, in the amount of -casein escaping from the attachment of -lactoglobulin among the four types skimmed milk powder, they might affect the rennet reaction. However, in our previous study, we confirmed that no significant differences occurred in the amount of -casein without attached -lactoglobulin among the four types of skimmed milk powder. Hence, we can exclude the possibility that the -lactoglobulin attached to -casein is responsible for the varying aggregation and curd formation behaviors of the four types of skimmed milk powder.
Another possibility as to the contribution oflactoglobulin to the differences, in aggregation and curd formation among the four types of skimmed milk powder is that -lactoglobulin polymers generated by heat treatment but not anchored to casein micelles should affect the aggregation behavior of casein micelles induced by rennet. In order to test this possibility, a reconstitution experiment is necessary. That is, one should investigate the effects, of the addition oflactoglobulin polymers against the rennet reaction on native casein micelles.
Conclusion
The present study indicates that the four types of skimmed milk powder, subjected to heat treatment under different conditions during the production process, exhibited different aggregation and curd formation behaviors when the powder solutions were incubated with rennet. The skimmed milk powders that suffered more than routine thermal stress during the production process, such as types, N, H, and SH, generated only soft curds by the rennet reaction; however, hard curd was formed in case of type L skimmed milk powder that had been subjected to thermal treatment under milder conditions. SEM observation showed that a welldeveloped network structure occurred only in the curd of type L skimmed milk powder, whereas particulates more randomly associated to form agglomerated structures in the curds of types, N, H, and SH skimmed milk powder. It is surprising that the amounts of glycomacropeptide generated by the rennet reaction were similar irrespective of the type of skimmed milk powder, as found by SDS-PAGE, indicating that the degree of denaturation of the skimmed milk powder that is, the scission of -casein, did not affect the first step of the rennet reaction, but affected the subsequent aggregation process of casein micelles without the ''hairy region'' containing glycomacropeptides at the surface. The surface hydrophobicity of the casein micelles, which were found to differ according to the type of skimmed milk powder (Miyamoto et al. unpublished results), might be closely related to these aggregation and curd formation behaviors of the skimmed milk powders. Type N skimmed milk powder is prepared under routine conditions in the factory. Whereas type N powder was found to form soft curd, type L, subjected to less heat stress, formed, hard or firm curd by the rennet reaction.
This indicates the possibility that control of the heat processing during the production process enables the skimmed milk powders to maintain satisfactory curd formation ability due to rennet, which may permit the exploration of new applications of skimmed milk powders besides cheese and other food products. In the present study, we concentrated on the rennet reaction sensitivity of skimmed milk powders, but, they are also used as ingredients in the production of many food products. In a previous study (Miyamoto et al. unpublished results), we found that type SH skimmed milk powder is the most suitable for making bread of the four types of skimmed milk powder. It is necessary to investigate the relation between the degree of heat stress (degree of denaturation of proteins) and suitability for various food products in order to utilize skimmed milk powders more efficiently.
